Fe-Si binary compounds have been fabricated by focused electron beam induced deposition by the alternating use of iron pentacarbonyl, F e(CO) 5 , and neopentasilane, Si 5 H 12 as precursor gases. The fabrication procedure consisted in preparing multilayer structures which were treated by low-energy electron irradiation and annealing to induce atomic species intermixing. In this way we are able to fabricate F eSi and F e 3 Si binary compounds from [F e/Si] 2 and [F e 3 /Si] 2 multilayers, as shown by transmission electron microscopy investigations. This fabrication procedure is useful to obtain nanostructured binary alloys from precursors which compete for adsorption sites during growth and, therefore, cannot be used simultaneously. 
Introduction
Fe-Si binary alloys form a group of intermetallic compounds interesting for magnetic, optical and thermoelectric applications [1, 2] . For example, β-F eSi 2 is a semiconductor material with a band-gap of about 0.87 eV suitable for optoelectronic technology [3] .
F eSi is a narrow gap semiconductor with cubic B20 structure and unusual electronic and magnetic properties [4] . F e 3 Si and F e 5 Si 3 are room-temperature ferromagnets attractive for spintronics [5, 6] . In particular, F e 3 Si is a pseudo-Heusler alloy with D0 3 structure, equivalent to the L2 1 structure of full-Heusler compounds, which are predicted to be half-metallic [7, 8] . Conventionally, the preparation of Fe-Si binary alloys takes place by means of solid-state reactions [9, 10] . Alternatively, organometallic precursors were used to fabricate F e 3 Si and F e 5 Si 3 nanoparticles by pyrolysis [6] and iron silicides by chemical vapor deposition(CVD) [11] . CVD was also employed to grow polycrystalline F eSi thin films and freestanding F eSi nanowires from the organometallic single source precursor F e(SiCl 3 ) 2 (CO) 4 [12, 13] .
Focused electron beam induced deposition (FEBID) allows the growth of binary alloys
by means of organometallic precursors [14] [15] [16] [17] . In FEBID the adsorbed molecules of a precursor gas injected in a scanning electron microscope (SEM) dissociate by the interaction with the electron beam depositing the sample during the rastering process [18, 19] .
Mainly, FEBID binary nanostructures have been prepared by the simultaneous use of two precursor gases, as in the case of F eP t, P tSi, CoP t and CoSi [14] [15] [16] [17] . Recently, CoF e nanostructures have been fabricated by means of a single source heteronuclear pre-cursor [20] . In this case, the stoichiometry of the alloy is identical to the one contained in the precursor gas. Although the use of single-source precursors greatly simplifies the fabrication process of binary nanostructures, the simultaneous use of two precursor gases is still of advantage to target a series of alloys with variable stoichiometry [17] . However, if the two precursors compete for adsorption site, the deposition process is dominated by the precursor provided at a higher partial pressure. In this case binary alloys cannot be easily fabricated and alternative fabrication strategies have to be developed.
In this work, we fabricate Fe-Si binary compounds by using iron pentacarbonyl, F e(CO) 5 , and neopentasilane, Si 5 H 12 , as precursor gases. Our findings suggest that these precursors compete for adsorption sites and, therefore, cannot be used simultaneously for the fabrication of binary systems. In order to overcome this problem, we grow F e/Si multilayers by alternating deposition using F e(CO) 5 and Si 5 H 12 , followed by treatment by low energy electron irradiation and annealing to induce atomic species intermixing. In this way we are able to obtain the desired binary compounds.
Experimental section
The samples were prepared by using a dual beam SEM/FIB microscope (FEI, Nova Nanolab 600), equipped with a Schottky electron emitter. A self-made coaxial gas injection system (GIS) [21] was employed to introduce into the SEM the F e(CO) 5 and Si 5 H 12 precursors via a capillary of 0.5 mm inner diameter. The distance capillary-substrate surface was about 1.7 mm. A number of samples were prepared by using F e(CO) 5 and
Si 5 H 12 either simultaneously or alternately. The samples were grown on 100 nm thick Additionally, some of these samples, see details below, were annealed in a vacuum furnace at a base pressure of about 1 · 10 −5 mbar. In this case, the temperature was increased from room temperature to 600
• C in four hours and then decreased to room temperature over night. After fabrication and post-growth treatment, the structure of the samples was investigated by transmission electron microscopy (TEM) using a JEOL 2010 at 200 keV.
Results
In a first attempt to fabricate Fe-Si binary alloys we grew a series of samples by the simultaneous use of F e(CO) 5 In Fig. 2a1 ) and b1) we show TEM images of two [F e/Si] 2 multilayers. After fabrication the samples were treated with electron beam irradiation at 280
• C. Additionally, the 6 multilayer of Fig. 2b1 ) was annealed in a furnace at 600 • C. In Fig. 2a2 ) and b2) we provide the corresponding diffraction patterns. The radial intensity obtained by azimuthal integration of the diffraction pattern shows three diffuse peaks corresponding to the (110), (210) and (311) atomic planes of F eSi, see Fig. 2a2 ). We expect that a larger number of peaks might be obtained with a higher irradiation doses or by using membranes thinner than 100 nm, which leads to a stronger signal during sample imaging. A larger number of peaks compatible with the B20 phase of F eSi is found in the sample which was annealed at 600
• C, Fig. 2b2 ). In particular, the (210) (111) and (220), expected between the peaks (110) and (210) are not clearly visible in the diffraction pattern. Therefore their position is not indicated in Fig. 2b2 ).
In Fig. 3 we report the results of a similar experiment, performed to fabricate [F e 3 /Si] 2 multilayers grown on Si 3 N 4 membranes. In Fig. 3a1 ) and b1) we provide TEM images of two multilayers treated with postgrowth electron irradiation at 280 • C. Additionally, the multilayer shown in Fig. 3b1 ) was annealed in a furnace at 600
• C. The radial intensity of the diffraction pattern of the sample treated only with electron irradiation shows a number of peaks compatible with the D0 3 crystal structure of F e 3 Si, see Fig. 3a2 ). A similar analysis was carried out for the diffraction pattern obtained from the sample annealed at 600
• C, see Fig. 3b2 ) . As for the previous case, this analysis shows a number of peaks compatible with the D0 3 crystal structure of F e 3 Si. In particular, the highest peak is the one corresponding to the (220) atomic planes of F e 3 Si, as expected. The next highest peaks, (400), (422), (440) and (620) are all visible. Among the minor peaks, only the (222) reflexion is visible in Fig. 3b2 ). The position of the peaks (111) and (200) peaks is also indicated, despite of the fact that these peaks were not clearly detected.
Comparing the results obtained for F eSi and F e 3 Si we note that post-growth electron irradiation seems to induce better crystallization of the D0 3 phase, as is evident from the sharp diffraction peaks in Fig. 3a2 ).
Discussion
Conventionally, the precursors used in FEBID are homonuclear complexes, i.e., they are molecules with a single metal atom species bound to, for example, organometallics, carbonyls or halides [18] . The deposits fabricated by means of these precursors are either amorphous or granular metals made of metallic nanoparticles embedded in a carbonaceous matrix. Depending on the metal atomic species and the atomic concentrations, either insulating, semiconducting, metallic or superconducting samples can be prepared [18, 19, 22] .
Heteronuclear precursors, which contain more than one metal atom species, can be used to fabricate binary alloys, as we recently showed by preparing CoF e nanostructures by employing the HF eCo 3 (CO) 12 metal carbonyl [20] . In this case, the metal stoichiometry of the precursor and of the deposits are identical. The use of heteronuclear precursors represents the most direct way to obtain binary alloys with a desired metal stoichiome- [14] [15] [16] [17] . In these studies, in order to obtain the stoichiometry of interest, the precursors were mixed continuously by changing their relative flux. In the present investigation, the sharp transition between Fe-rich and Si-rich deposits shows that
Si 5 H 12 and F e(CO) 5 compete for adsorption site during the fabrication process. Here we notice that understanding the reason for the sharp transition of Fig. 1 involves the solution of a system of Langmuir differential adsorption rate equations and the knowledge of the related adsorption, diffusion, desorption and decomposition parameters [19, 23, 24] , which is beyond the aim of the present work. However, as an hint for future investigations, we observe that the residence time of Si 5 H 12 in the SEM was rather long, since it was possible to grow Si-based deposits for some hours after having close the relative
Si 5 H 12 dosimeter. Therefore, we expect the sticking probability of Si 5 H 12 to be much larger than the one of F e(CO) 5 and, thus, the coverage probability of neopentasilane to be much higher than the one of iron pentacarbonyl. This picture is maintained until the flux of F e(CO) 5 Electron irradiation has been used to induce phase transformations in bulk and low dimensional systems [27, 28] , and to tune the physical properties of graphene and carbon nanotubes [29] . In a series of recent papers we have started to investigate the effects of electron beam irradiation on the microstructure of FEBID samples [19] . For example, it was shown that during electron-beam irradiation the carbon-like matrix of Pt-C nanocomposites tends to graphitize, while the intergrain distance of the P t nanograins is reduced, which is due to carbon removal and to an increase of the diameter of the grains [30] . Furthermore, it was shown that electron-beam irradiation induces a roomtemperature transformation from an amorphous phase into a crystalline one for CoP t nanostructures [16] . In that work it was speculated that the crystallization process starts with carbon removal, which facilitates solid-state diffusion of Co and P t atoms. A similar mechanism is also evoked here, to explain the intermixing of F e and Si atoms and the crystallization into the B20 and D0 3 phases of F eSi and F e 3 Si, respectively. In all these experiments carbon removal is induced by an electron-beam-mediated reaction of carbon with residual gas molecules, like H 2 O and O 2 , present in the microscope chamber [31] .
Note that in Ref. [16] atoms intermixing took place at room-temperature by using an irradiation dose of 8.64 µC/µm 2 . In the present work, a home made heating stage was employed to increase the temperature of the samples to 280
• C, which allowed to reduce the irradiation doses to 1 µC/µm 2 . The temperature used is far away from those commonly used to induce crystallization of granular metals and thin films [14, 32, 33] . Therefore, we conclude that in our case the atoms intermixing is mainly due to the electron irradiation treatment.
The binary compounds fabricated in this work are interesting not only for their electronic and magnetic properties, with potential use in microelectronic and spintronic applications, but also because they are key materials for the synthesis of transition metal monosilicide and half-Heusler compounds. Indeed, the ability to fabricate F eSi opens the route for the fabrication of silicides like F e 1−x Co x Si or F e 1−x M n x Si, which share with F eSi the same cubic B20 crystal structure. Furthermore, F e 3 Si is a pseudo-Heusler compound with D0 3 crystal structure, which is equivalent to the L2 1 crystal structure of the half-Heusler compounds [34] . Recently, metal silicides and Heusler nanowires have been synthesized and characterized by electrical transport measurements and electron holography [13, 35] . By means of the FEBID technique nanostructures of any shape and dimension can be grown. In general, the microstructure of FEBID deposits is often granular, i.e., the samples are made of metallic nanoparticles embedded in a carbonaceous matrix. For the samples fabricated in this work the matrix, i.e., carbon and oxygen, amounts to about 30 at%, as measured by EDX. Therefore it is expected that F eSi and F e 3 Si grains form nano-granular deposits with semiconducting and metallic behavior, respectively. For samples with lower metal content, which were not investigated in the present work, finite-size effects due to the granularity may appear. For example, in granular metals, an enhanced tunnel magnetoersistance effect (TMR) effect is measured at low temperatures, in the co-tunneling electrical transport regime [36] . Furthermore, an additional enhancement of the TMR effect is expected in granular metals with high spin-polarization [37] , such as granular Heusler compounds.
Conclusions
In this work we have fabricated Fe-Si binary alloys by focused electron beam induced deposition using F e(CO) 5 and Si 5 H 12 as precursor gases. We have found that during deposition these precursors compete for adsorption sites on the surface of the substrate and, therefore, cannot be used simultaneously for the preparation of Fe-Si alloys over the complete mixing range. As alternative fabrication procedure we have grown F e/Si multilayers by the alternating use of F e(CO) 5 
